In previous works on authentic samples of saffron of known history (harvest and processing year, storage conditions, and length of time) some biomarkers were proposed using both FT-IR and NMR metabolomics regarding the shelf life of the product. This work addresses the difficulties to trace back the "age" of commercial saffron samples of unknown history, sets a limit value above which these products can be considered substandard, and offers a useful tool to combat saffron mislabeling and fraud with low-quality saffron material. Investigations of authentic and commercial saffron samples of different origin and harvest year, which had been stored under controlled conditions for different lengths of time, allowed a clear-cut clustering of samples in two groups according to the storage period irrespectively of the provenience. In this respect, the four-year cut off point proposed in our previous work assisted to trace back the "age" of unknown samples and to check for possible mislabeling practices.
Introduction
Saffron, the spice that is exclusively produced from the stigmas of the Crocus sativus L. flower after drying under different conditions [1] is the most expensive spice in the world and, consequently, the target of frequent fraud and mislabeling practices [2] . Mislabeling is a serious fraudulent practice reported for a series of precious food products and it is related to fake information provided along the trade chain. Fake information on packaged saffron can be related to the genuineness of its content, origin, Protected Designation of Origin (PDO) name, as well to the "best before" date or harvest year that often appears on the packaging. To this view, new scientific criteria are sought for examining authenticity, origin, and traceability aspects of this spice [3] as its price per kilo is the highest among all food items and not only among spices.
During the last years, the chemical analysis of mixtures, such as food extracts, moved from the classical approach based on chemical isolation followed by structure elucidation toward metabolomics. This switch allows the identification and quantification of all molecules present in a biological system, representing a powerful tool in food science for monitoring, in a wider context, product quality and authenticity [4] [5] [6] . In this respect high-resolution nuclear magnetic resonance (HR-NMR) spectroscopy represents a unique and versatile technique to investigate foods, providing detailed information samples in two groups according to their storage history was evidenced and the obtained validated statistical model was able to predict whether a saffron sample can no longer be considered as "fresh".
The present study aims at tracing back the "age" of various saffron samples (n =17) purchased from open markets and retail shops in major saffron-consuming countries by taking advantage of the so far results from NMR and FT-IR-based metabolomics studies. The corresponding spectra were subjected to chemometric analyses (PCA, PLS-DA, OPLS-DA) in order to classify the samples according to their age. Where possible, the results were interpreted with regard to packaging and "expiration" or "best before" dates on product labels. Classification of samples according to the ISO 3632 quality categories [22] or according to their actual content in major metabolites (crocetin esters and picrocrocin) was also carried out using conventional techniques (UV-VIS, HPLC-DAD). This is the first report on the traceability of commercial saffron samples performed by a combined approach of FT-IR and 1 H-NMR metabolomics. Our approach is expected to be considered in a forthcoming revision of the ISO 3632 technical standard.
Results and Discussion

UV-VIS and HPLC-DAD Analysis
The 17 commercial samples labeled as "saffron" were first examined for their purity on the basis of HPLC-DAD analysis, as described under Experimental Section. The typical chromatographic profiles of authentic saffron at 440, 310, and 250 nm were produced in all cases, showing that the commercial samples contained five to six crocetin esters (trans or/and cis-form) and picrocrocin along with some flavonoid glucosides at varying levels. Constituents of unknown origin were not detected under the conditions of this analysis in any of the examined samples. In detail, it was found that the total content in crocetin esters varied between 9.1 to 27.1 g/100 g of saffron (expressed as trans-4-digentiobiosyl ester of crocetin or trans-4-GG) while the main ester, namely trans-4-GG, oscillated between 4.8 and 14.3 g/100 g of saffron. The samples were also found to contain picrocrocin at levels between 7.1-14.2 g/100 g of saffron. Taking into account literature data, the latter values correspond to samples of relatively high coloring strength [23, 24] . Classification of the samples according to ISO 3632 trade specifications showed that although the criterion of minimum picrocrocin content value for classification to commercial category I (premium quality) (E 1% 257nm > 70) was fulfilled in all cases, half of the samples belonged to categories II and III on the basis of coloring strength values. These results are shown in Table 1 . Practically, classification to premium trade quality (E 1% 440nm > 200) was made for those samples with an actual content of total crocetin esters higher than 14% w/w. Previously reported data about correlation of coloring strength values with the approximate content in crocetin esters seem to support our observation [25] . These results show that a considerable number of the commercial samples analyzed soon after their purchase were of inferior commercial quality but not substandard. All of these samples were then stored at room temperature, in the dark and then re-examined using FT-IR and 1 H-NMR techniques.
FT-IR Analysis
The FT-IR database of authentic "fresh" (stored for less than four years after processing) and "non-fresh" (stored for 7-12 years) samples (see Supplementary Material, Figures S1-S4) was used to build a PLS-DA model, properly validated, which has been successively exploited for the classification of 17 commercial samples of unknown history. The classification criteria were based on t1 and t2 cut-off values of t1 > 2.0 and t2 > 6.0 for "non-fresh" saffron as well as t1 ď 0 and t2 ď´1 for "fresh saffron" (see Supplementary Material, Figure S4b ). Figure 1 illustrates the results of this study (April 2015) . As it can be observed, only two out of the 17 samples (n˝8 and 17) were allocated to the group of "fresh" saffron. On the other hand, two samples (n˝1 and 15) were clearly characterized "non-fresh" and other four ones (n˝5, 7, 11, and 12) fulfilled only the criterion of t1 ě 2.0 for "non-fresh" saffron. Four samples (n˝10, 13, 14, and 16) presented exceptionally high t2 values (> 12.0) so that they were rather allocated to "non-fresh" saffron, as well. The rest of the samples (n˝2-4, 6, and 9) could not be clearly classified on the basis of t1 and t2 values. Our findings traced that most of the commercial saffron samples were actually very close to or already had passed the cut-off point of four years after harvest and processing (see also Supplementary Material, Table S1 ). This would mean that, with few exceptions, the commercial samples were already unfit for delivering their highly desirable sensorial and functional properties upon human consumption [26] . classification of 17 commercial samples of unknown history. The classification criteria were based on t1 and t2 cut-off values of t1 > 2.0 and t2 > 6.0 for "non-fresh" saffron as well as t1 ≤ 0 and t2 ≤ −1 for "fresh saffron" (see Supplementary Material, Figure S4b ). Figure 1 illustrates the results of this study (April 2015). As it can be observed, only two out of the 17 samples (n° 8 and 17) were allocated to the group of "fresh" saffron. On the other hand, two samples (n° 1 and 15) were clearly characterized "non-fresh" and other four ones (n° 5, 7, 11, and 12) fulfilled only the criterion of t1 ≥ 2.0 for "non-fresh" saffron. Four samples (n° 10, 13, 14, and 16) presented exceptionally high t2 values (> 12.0) so that they were rather allocated to "non-fresh" saffron, as well. The rest of the samples (n° 2-4, 6, and 9) could not be clearly classified on the basis of t1 and t2 values. Our findings traced that most of the commercial saffron samples were actually very close to or already had passed the cut-off point of four years after harvest and processing (see also supplementary material, Table S1 ). This would mean that, with few exceptions, the commercial samples were already unfit for delivering their highly desirable sensorial and functional properties upon human consumption [26] . 
NMR Analysis
The 1 H-NMR spectra of the 17 commercial samples were recorded (June 2015) and the data were re-projected in the OPLS-DA model developed and validated in a previous work [21] to evaluate their freshness. The model originally constituted by 98 samples representing two classes of samples according to the storage period of 0-4 years ("fresh") and of 5-14 years ("non-fresh"). Each of the 17 commercial samples was classified by a classification score (Y-predicted), indicative of its representativeness. In our case a threshold value of 0.6 has been chosen as a good classification score; the resulting classification list is reported in Table 2 . In details, five out of the 17 samples (n° 3, 6, 8, 9, and 17) were classified as "fresh" (stored under optimum conditions for less than four years after harvest) while six out of the 17 samples (n° 5, 11, 12, 13, 15, and 16) were clearly indicated as "non-fresh". Samples 1, 2, 4, 7, 10, and 14 were most likely of intermediate state of storage and quality (corresponding to 4-5 years of storage under optimum conditions). 
The 1 H-NMR spectra of the 17 commercial samples were recorded (June 2015) and the data were re-projected in the OPLS-DA model developed and validated in a previous work [21] to evaluate their freshness. The model originally constituted by 98 samples representing two classes of samples according to the storage period of 0-4 years ("fresh") and of 5-14 years ("non-fresh"). Each of the 17 commercial samples was classified by a classification score (Y-predicted), indicative of its representativeness. In our case a threshold value of 0.6 has been chosen as a good classification score; the resulting classification list is reported in Table 2 . In details, five out of the 17 samples (n˝3, 6, 8, 9, and 17) were classified as "fresh" (stored under optimum conditions for less than four years after harvest) while six out of the 17 samples (n˝5, 11, 12, 13, 15, and 16) were clearly indicated as "non-fresh". Samples 1, 2, 4, 7, 10, and 14 were most likely of intermediate state of storage and quality (corresponding to 4-5 years of storage under optimum conditions). The results of this prediction were in partial agreement with the FT-IR-based findings. As a matter of fact, samples 8 and 17, as well as samples 5, 11-13, 15, and 16, were clearly described as "fresh" and "non-fresh" respectively, using both metabolomics approaches; it was also confirmed that more than four years had passed after harvest and processing of samples 2 and 4. However, there were cases of samples for which the two approaches led to different results concerning their freshness. All of these findings were then combined and critically evaluated according to the label of the packed products wherever available.
In details, sample 8, purchased from an open market in Iran, had no information about its production or expiration date. On the other hand, samples 3 and 17, as well as sample 6, which had been classified as "fresh" based on NMR-data, were all bought in Qatar; the former two claimed Iranian origin while the latter was labeled as of Spanish origin. These three samples also claimed a two-year period of usage after manufacturing. According to their "best before" date sample 17 had already expired while the other two ones would be expected to expire in approximately six months after the date of NMR analysis, but our traceability findings suggested that these products were most probably of premium quality at the time of packing and could last even longer than the declared date. Sample 9 was bought in an Italian market in powder form. Only the "best before" date was labeled claiming that the product would expire almost 1.5 years after the NMR analysis. Our results traced that this information was not misleading to consumers.
Concerning the samples characterized as "non-fresh" using both FT-IR and NMR-based metabolomics approaches, the available labeling information was quite enlightening. In particular, sample 11-bought in an Israeli market and claiming Spanish origin and crop year of 2011 (four years before analysis)-claimed to be "best before" the end of 2017, that is, more than two years after FT-IR and NMR analyses. Our findings traced that this information was rather misleading. Additionally, the particular sample had already presented inferior trade quality since a short period after its purchase (see Table 1 ). The same suggestion can be made for the labeling of sample 13 which was in Arabic, claimed Iranian origin and recommended a three-year period of usage after packing date (end of 2012). Samples 15 and 16 were bought in Qatar. The former did not contain any indication about the origin, packing, or expiration date, while the latter claimed Iranian origin and a two-year period of storage, although exact packing and "best before" dates were unclearly stated. Sample 12 that was bought in an open Israeli market with no labeling information about origin, packing, or expiration date was also classified as "non-fresh". It has to be pointed out that sample 5, of Iranian origin and an indication for two-year storage period after its production (early 2013), was the only classified "non-fresh" sample that had already expired before spectroscopic analyses, according to the product label information.
Six out of the seventeen studied commercial samples could not be clearly classified in the two groups on the basis of NMR analysis, as mentioned above. In particular, samples 1 and 2 that claimed as packing dates the ninth and tenth months of 2015, respectively, and a two-year storage period, were not found properly classified to either of the two sample categories. This could imply that their processing date was most probably traced back to 2011, or even earlier. Furthermore, sample 10, labeled as Italian and in powder form that could be considered fresh on the basis of its "best before" date (2016), was not found to belong to the "fresh" group by any of the two metabolomics approaches. The fact that it had been packed in powder form, which facilitates quality deterioration, could also account for this finding. Another point of importance was indicated by the study of sample 4. This sample was of the same production company and manufacture date as sample 5 (identified as "non-fresh") but not clearly classified by either FT-IR or NMR analyses. The same sample had presented much higher coloring strength value than that of sample 5 soon after their purchase (see Table 1 ). This last finding can be attributed to different quality of the sample upon packing or even different storage conditions until purchase. Sample 7, of unknown origin and labeled to be packed in Australia, was already expired. We assume that this latter information is truthful since the sample was not found "fresh" by either of the two metabolomics approaches of this study. Sample 14 bought in Qatar and claiming Iranian origin did not bear any labeling with regard to its production or "best before" dates and was also found "non-fresh" by both FT-IR and NMR analysis.
After the acquisition of FT-IR and NMR data and evaluation of the results on the basis of labeling information, HPLC-DAD analysis of the commercial samples was performed again to measure the remaining contents in total crocetin esters, trans-4-GG and picrocrocin and to find some possible correlation with traceability findings. Samples 9 and 10 were not reanalyzed, as there was no leftover amount. Our results showed that samples 3, 6, 8, and 17 (clearly classified as "fresh" according to NMR findings) along with sample 4 (not clearly classified by both FT-IR and NMR analysis) contained more than 14.0% w/w of crocetin esters. This observation is in line with what was suggested for the samples of high coloring strength and, thus, premium trade quality in the beginning of this study. For these five samples, the actual content of the major crocetin ester (trans-4-GG) was found higher than 8.0% w/w, while picrocrocin levels ranged from 11.0% to 14.2% w/w. Noticeably, samples 1 and 2, initially rich in total crocetin esters and picrocrocin, did not retain their high quality during storage in the laboratory.
Classification of the commercial samples into the ISO 3632 quality categories ( [22] was finally carried out as a means to interpret the information derived from metabolomics studies in terms of current trade specifications. The results are presented in Table 3 .
From these data, it can be suggested that those samples that had been characterized as "non-fresh" by both FT-IR and NMR metabolomics presented much lower E 1% 257nm and E 1% 440nm values (related with the picrocrocin and total crocetin ester contents, respectively) than the minimum limits for classification to quality category I. Actually, only few of these samples were classified to the lowest quality category (III) while the rest were substandard. On the other hand, all of the samples that were still characterized "fresh" based on NMR data, seemed to retain moderate coloring strength values that would classify them to the quality categories I and II. Again, no useful information could be derived from the E 1% 330 nm values.
Overall, it seems that the spectroscopic databases developed within the SaffronOMICS COST Action FA1101 frame represent an affordable and rapid tool that can be used to impartially evaluate the information reported on the label of the traded products as saffron. In this view, traceability requirements in the international transactions of saffron can be checked at various control points. A first screening of sample freshness could be made using FT-IR but, in cases of uncertainty, examination by 1 H-NMR is expected to provide more conclusive information. There is an obvious need for frequent updating of the databases as required for other foodstuffs. The date of packaging, in the best of our expectations, should refer to production of the latest harvest or of the harvest of the year before that. Considering that most of the commercial samples report the expiring date set two years after the packaging date, it seems that in practice four years after harvesting/processing date is a critical length of period for saffron trade. 
Experimental Section
Saffron Samples
Commercial saffron samples (n = 17) of unknown storage history have been analyzed for the evaluation of their age after processing. After their delivery to LFCT, the samples, in packings or in bulk, were stored at room temperature in the dark. All the information concerning these samples is reported in Table 4 . 
Standards, Reagents, and Solvents
Trans-4-GG crocetin ester was laboratory-isolated by semi-preparative reversed phase-high performance liquid chromatography (RP-HPLC) as previously described in detail by Kyriakoudi and Tsimidou, 2015 [27] . Purity of isolated trans-4-GG (97%) was checked (a) chromatographically by RP-HPLC-DAD in the range of 200-550 nm and calculated as the percentage of the total peak area at 440 and (b) by nuclear magnetic resonance (NMR) spectroscopy recording the 1D 1 H spectra at 300 MHz on a Bruker 300AM spectrometer (Rheinstetten, Germany).
Acetonitrile, methanol (Chem-Lab, Zedelgen, Belgium) and acetic acid (Fluka Chemie, Buchs, Switzerland) used were of HPLC grade. Ultrahigh purity water was produced using a SG Ultra Clear Basic UV system (SG Wasseraufbereitung und Regenerier station GmbH, Barsbüttel, Germany). Deuterated dimethylsulfoxide (DMSO-d 6 , 99.96 atom% D) was purchased from Euriso-Top (Saclay, France).
Extraction of Crocetin Esters and Picrocrocin
Methanol-water extracts of ground stigmas or powder were prepared according to the ISO/TS 3632-2 method [28] with slight modifications. Briefly, 0.1 g was mixed with methanol-water (1:1, v/v) in a 200 mL volumetric flask. Crocetin esters and picrocrocin were extracted by rigorous agitation (1000 rpm) for one hour at ambient temperature (25˝C) away from direct sunlight. Prior to analysis, an aliquot from the extract was diluted (1:10) with methanol-water (1:1, v/v) and the corresponding solutions were filtered through RC-55 filter (13 mm i.d., 0.45 µm pore size).
UV-VIS Spectrophotometric Examination
The UV-VIS spectra of all of the extracts were recorded in the region 200-600 nm with a spectrophotometer (Shimadzu UV 1601, Kyoto, Japan) equipped with quartz cells (1 cmˆ1 cm 4 cm). The results were expressed as E 1% λmax according to the equation E 1% λmax =(Dˆ100)/(m(100 H)), with D as the absorbance value, m as the mass of the test portion (g), H as the moisture and volatile content of the sample (%, w/w), λ max for crocetin esters 440 nm, λ max for picrocrocin 257 nm, and λ max for safranal 330 nm, as proposed in the ISO 3632-2 trade standard [28] .
Liquid Chromatographic Analysis
High-performance liquid chromatography (HPLC) was used to separate and quantify the crocetin sugar esters and picrocrocin. The HPLC system consisted of a pump, model P4000 (Thermo Separation Products, San Jose, CA, USA), a Midas auto sampler (Spark, Emmen, The Netherlands) and a UV 6000 LP diode array detector (DAD) (Thermo Separation Products, San Jose, CA, USA). Separation was carried out on a LiChroCART Superspher 100 C18 (125 mmˆ4 mm i.d., 4 µm) column (Merck, Darmstadt, Germany). The elution system used consisted of a mixture of water/ acetic acid (1%, v/v) (A) and acetonitrile (B). The linear gradient was 20% to 100% B in 20 min. The flow rate was 0.5 mL/min. The injection volume was 20 µL. The analytical samples were filtrated through a 0.45 µm membrane filter prior to injection. Chromatographic data were processed using the ChromQuest Version 3.0 software (Thermo Separation Products, San Jose, CA, USA). Monitoring was in the range of 200-550 nm and quantification was carried out by integration of the peak areas at 250 nm (picrocrocin) and 440 nm (crocetin esters).
Identification of trans-4-GG crocetin ester and picrocrocin was achieved by comparison of retention times, UV´VIS spectra matching with those of available standards and literature data [29, 30] . Quantification of crocetin esters and picrocrocin (%, w/w on dry weight) was based on construction of calibration curves of properly diluted aqueous methanolic solutions: (i) trans-4-GG crocetin ester (y = 34891x´774339, 9.5-480 ng/10 µL, R 2 = 0.99 (n = 6), (ii) picrocrocin (y = 9524.8x + 416788, 90-913.5 ng/10 µL, R 2 = 0.99) (n = 5).
FT-IR Analysis
Sample Preparation
All samples were mixed with KBr at a 1/180 ratio (w/w) and homogenized. This mixture (0.181 g) was then compressed under a pressure of ca. 200 MPa for 1 min to form a thin KBr disc. For each sample, the disc preparation procedure was carried out in triplicate.
Data Acquisition and Pre-Processing
FT-IR spectra were obtained using a Shimadzu IRAffinity-1 (Shimadzu Europa GmbH, Duisburg, Germany) spectrometer operating in the region 4000-400 cm´1 in the absorbance mode. A total of 64 scans with 4 cm´1 resolution were acquired for each spectrum. The spectrum of a clean KBr disc (without sample) was used for background subtraction. The spectrometer was located in an air-conditioned room (25˝C). The spectra were stored using the software IRsolution (version 1.50) supplied from the same manufacturer. All spectra were smoothed by 15 points using the software function "smoothing action". Then the baseline was corrected using the "multipoint baseline operation" facility (set zero at 400, 870, 1880, and 4000 cm´1). Finally, the spectra were normalized using the order "normalize action" so that the minimum absorbance was set at Abs = 0 (zero) and the maximum at Abs = 1. The data obtained were processed further using the tools in the Microsoft Excel 2010 software. Each spectrum was truncated to 1868 data points. From this dataset, intensity values in the regions of 820-1300 and 1600-1800 cm´1 (354 data points) were selected for statistical treatment.
Multivariate Statistical Analysis
The add-in Multibase in Excel (Multibase 2015, Microsoft Excel, www.numericaldynamics.com) was used to perform Principal Component Analysis (PCA) and Projection to Latent StructuresDiscriminant Analysis (PLS-DA) of the FT-IR spectral data. Data preparation was made using the scaling method of standard deviations.
Principal Component Analysis (PCA) attempts to simplify the distributions of samples and identify the underlying factors that explain the pattern of variable and sample correlations. Understanding of similarity or dissimilarity of samples using extracted factors is much easier than using unprocessed data. When samples are assigned into some categories in advance, the distributions of the categories is shown with ellipses. Comparing the sample scatterplot with the loadings one, the significant variables which contribute to sample distribution can be easily identified. PLS-DA was performed in order to maximize the separation of categories. It is based on a classical PLS regression, where the response variables are replaced by the set of dummy variables. The dummy variables are defined in such a way that their weights are one and independent (orthogonal) each other. The accuracy of model was evaluated by 200 permutation validations to safely overcome randomness or overfitting to the model.
The distance to the model (DModX) test was applied to check for outliers and evaluate whether the test set samples fall within the model applicability domain.
1 H-NMR Analysis
3.7.1. Sample Preparation 4 mg of sample was extracted with deuterated dimethylsulfoxide (DMSO-d 6 , 600 µL), stirred for 3 min at room temperature and, after 10 min, the mixture was centrifuged at 12,100 g for 10 min. 500 µL of the supernatant was used for the NMR analysis.
1 H-NMR Data Acquisition
All 1 H-NMR spectra have been recorded on a Bruker DMX 500 spectrometer (Bruker Biospin GmbH Rheinstetten, Karlsruhe, Germany) operating at 11.7 T and equipped with a 5-mm reverse probe with z-gradient. Spectra were recorded at 300 K, with a spectral width of 8012 Hz and 32 K data points. Residual water suppression was achieved by applying a presaturation scheme with low power radio frequency irradiation for 1.2 s.
1 H-NMR Data Processing
A resolution enhancement function was applied with an exponential function with LB = 0.5 before Fourier transformation. The phase and the baseline were carefully adjusted with TOPSPIN software (Bruker Biospin, GmbH, v 3.0, Rheinstetten, Karlsruhe, Germany). Spectra were aligned with respect to the DMSO residual signal at 2.5 ppm and successively the region between 0.4-10.4 ppm was reduced to buckets, according to the resonance assignment, and integrated. The integral of each bucket was normalized with respect to the total integral area. A residual DMSO signal between 2.48 and 2.53 ppm and residual water signal between 3.30 and 3.37 ppm were set to zero value. (ACD/Spec Manager, ACD Labs, version 11, Toronto, ON, Canada).
Multivariate Statistical Analysis
The 1 H-NMR data of the 17 commercial samples under investigation were re-projected in the OPLS-DA (Orthogonal Projection to Latent Structures-Discriminant Analysis) model validated on the corresponding PLS-DA (Projection to Latent Structures-Discriminant Analysis) performed with SIMCA-P+ 13 (Umetrics, Umea, Sweden). For other details see the reference [21] .
Conclusions
In previous works on authentic samples of saffron of known history (harvest and processing year, storage conditions, and length of time) some biomarkers were proposed using both FT-IR and NMR metabolomics regarding the shelf life of the product. In this communication this approach was implemented to trace back the "age" of commercial saffron samples of unknown history. The outcomes were very encouraging as it was possible to set a limit value above which any commercial saffron can be considered substandard. The combination of metabolomic techniques offers a useful tool to combat saffron mislabeling and fraud with low-quality saffron material irrespective of provenience. Overall, the four-year cut off point proposed in our previous work assisted to trace back the "age" of unknown samples and to check for possible mislabeling practices. 
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